In this U.S.-focused analysis we use outputs from two general circulation models (GCMs) driven by different greenhouse gas forcing scenarios as inputs to regional climate and chemical transport models to investigate potential changes in near-term U.S. air quality due to climate change. We conduct multi-year simulations to account for inter-annual variability and characterize the near-term influence of a changing climate on tropospheric ozone-related health impacts near the year 2030, which is a policy-relevant timeframe that is subject to fewer uncertainties than other approaches employed in the literature. We adopt a 2030 emissions inventory that accounts for fully implementing anthropogenic emissions controls required by federal, state, and/or local policies, which is projected to strongly influence future ozone levels. We quantify a comprehensive suite of ozone-related mortality and morbidity impacts including emergency department visits, hospital admissions, acute respiratory symptoms and lost school days and estimate the economic value of these impacts. Both GCMs project average daily maximum temperature to increase by 1-4°C and 1-5 ppb increases in daily 8-h maximum ozone at 2030, though each climate scenario produces ozone levels that vary greatly over space and time. We estimate tens to thousands of additional ozone-related premature deaths and illnesses per year for these two scenarios and calculate an economic burden of these health outcomes of hundreds of millions to tens of billions of U.S. dollars (2010$).
Introduction
Climate change can affect air pollutant concentrations in a myriad of ways. Meteorological factors, such as temperatures, cloudiness, precipitation frequency and intensity, wind speeds, and planetary boundary layer heights are all first-order drivers which influence air quality by determining photochemical reaction rates, vertical mixing, horizontal transport, biogenic emissions, and rates of pollutant removal by wet and dry deposition. Over longer time scales, climate change may also affect land use and population density, modifying emissions and meteorology and thus further affecting air quality. That these factors are related through a number of complex non-linear pathways makes it challenging to model the individual role of each variable in a comprehensive framework.
For example, many epidemiological studies and risk assessments that examined the influence of climate change on air quality held most factors constant and allowed only a limited number of input parameters to vary (Tagaris et al. 2009; Selin et al. 2009; Bell et al. 2007; Jacobson 2008; Silva et al. 2013; Post et al. 2012) . Bell et al. (2007) project ozone levels to the year 2050 in 50 eastern U.S. cities using the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report A2 emission scenario and describe how climate change increases ozone-related daily mortality by maintaining constant anthropogenic emissions and allowing meteorology to vary over time. That study attempted to isolate the role of climate change on future meteorology and its subsequent effect on human health, holding all other factors constant. Other assessments quantify the effects of historical changes in climate, making it challenging to identify the factor(s) most responsible for climate-related effects. For example, Jacobson (2008) relates historical changes in CO2 levels to ambient ozone concentrations and the risk of premature death. Silva et al. (2013) quantifies the human health burden due to total anthropogenic outdoor air pollution and further characterizes the portion of this burden attributable to past climate change.
Climate and air quality modeling are each time and resource intensive, and so simulations focus on a limited number of projected years, climate scenarios and geographic locations (Chang, Zhou, and Fuentes 2010; Sheffield et al. 2011; Chang, Hao, and Sarnat 2014; Jackson et al. 2010) . Sheffield et al. (2011) relate asthma emergency department visits in the 2020s in the New York City metropolitan area to simulated ozone changes using the IPCC A2 emission scenario. Chang et al. (2014) use a series of general circulation models (GCMs) and regional circulation models to estimate the change in ozone-related emergency department visits due to climate change in the Atlanta metropolitan area.
Taken together, these time, resource and data constraints pose special challenges to detangle the influence of each factor that might affect climate, air quality and health. For this reason, analyses of relationships between air quality, climate and health generally alter a subset of input parameters such as the climate model or assumptions regarding future growth in emissions, or limit the geographical extent of the modeled air quality domain.
Because health impact assessments are comparatively computationally efficient, it is relatively easy to test the sensitivity of the results to various input parameters.
We select among the existing suite of climate models, greenhouse gas forcing scenarios, and population projections to examine the scope, magnitude, spatial distribution and economic value of climate-change related air quality and health impacts in the year 2030 relative to meteorology in the year 2000. Specifically, in this analysis we use multiple years within a time slice centered on 2030 from two GCMs and different climate forcing scenarios to account for different assumptions regarding the influence of future greenhouse gas concentrations on climate and to account for year-to-year variability in projected air quality impacts. We characterize the near-term influence of a changing climate on tropospheric ozone-related health impacts near the year 2030, which is a policy-relevant timeframe that is subject to fewer uncertainties than previous studies that have focused on 2050 or later (e.g., Post et al. 2012) .
In this study, we account for federal air quality policies requiring that areas meet the health-based National Ambient Air Quality Standard (NAAQS) for ozone. Our modeling reflects the emissions controls that have been adopted to reduce anthropogenic emissions of nitrogen oxides (NOx) and volatile organic compounds (VOCs), which will decline significantly between the present day and 2030. Our research aim is not to predict future ozone levels, but rather to quantify and monetize the "climate penalty" (Vuuren et al. 2011; Wu et al. 2008) . That is, we seek to estimate the influence of near-term climate change on ozone, and the resulting health impacts and economic burden of those health impacts. We use the same anthropogenic emissions for the historical (ca. 2000) and future (ca. 2030) air quality modeling to isolate the influence of climate change on air quality, employing a 2030 emissions inventory that accounts for fully implementing existing anthropogenic emissions controls, which will strongly influence future tropospheric ozone levels. We quantify a comprehensive suite of ozone-related mortality and morbidity impacts including emergency department visits, hospital admissions, acute respiratory symptoms and lost school days and estimate the economic value of these impacts. This analytical approach yields estimated climate change-attributable ozone-related premature deaths and illnesses that better account for the baseline atmospheric environment that is expected to prevail in the U.S. at 2030, as well as differences in climate scenarios and variability in predicted ozone levels across years and locations.
Below we first describe the methods we employ to project ozone levels and human health impacts. Next, for each scenario we report the ozone-related health impacts and the economic value of these outcomes, then we discuss the implications of these results.
Methods
Here we apply a suite of modeling tools that are linked sequentially to quantify: a) global climate impacts from specified greenhouse gas forcing scenarios, b) the resultant regional climate changes over the U.S. at a higher spatial resolution, c) the resultant near-surface ozone impacts over the U.S. driven by the regional climate, and d) the resultant health impacts and economic value in the U.S. of climate-related changes in 2030 ozone air pollution levels (Figure 1 ).
Regional climate modeling
We used fields from two different GCMs that participated in the fifth phase of the Coupled Model Intercomparison Project (CMIP5) (Taylor, Stouffer, and Meehl 2012) . For each GCM, The RCP 8.5 scenario ) assumes "business as usual", where greenhouse gases will increase substantially over the next century, eventually leading to an 8.5 W m -2 radiative forcing level by 2100. The RCP 6.0 scenario (Fujino et al. 2006 ) assumes a modest degree of mitigation of greenhouse gas emissions such that total radiative forcing will increase over the next century before stabilizing at 6.0 W m -2 in 2100.
We downscaled these GCM projections using the Weather Research and Forecasting (WRF) model following techniques described by Bowden et al. (2012) and Otte et al. (2012) . We conducted WRF simulations at 36-km horizontal grid spacing over the U.S., incorporating the global climate forcing at the lateral boundaries, through the interior of the domain (following Otte et al., 2012) , and in the sea-surface temperatures. It is important to recognize that climate simulated by and downscaled from GCMs for a particular historical For the CESM/RCP 8.5 scenario we used CMAQ to simulate each of the eleven historical (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) and eleven future years (2025) (2026) (2027) (2028) (2029) (2030) (2031) (2032) (2033) (2034) (2035) to capture the impacts of potential inter-annual variability in the climate response. For the GISS/RCP 6.0 scenario, we identified three historical and three future years that were least conducive, moderately conducive, and most conducive to forming near-surface ozone across the entire continental U.S. These years were identified using previous CMAQ simulations of the same 11-year period that had been forced with present-day emissions, but were otherwise identical to the configuration applied here. The annual number of exceedances of 75 ppb for daily maximum 8-h ozone were tallied within model grid cells throughout the U.S., then the years of each 11-year simulation period were ranked. The most (least) conducive year contained the most (least) exceedances of the threshold, and the moderately conducive year was the median year of each 11-year simulation period. Due to the computational costs associated with air quality modeling, only the regional climate fields from these two 3-year subsets of the GISS/RCP 6.0 were combined with the 2030 emissions in the CMAQ simulations used in the present study.
In this study, only the meteorological conditions (and specific emissions sectors that depend upon meteorology) were changed within the historical and future CMAQ runs to isolate the climate impacts in each scenario-all other input variables were held constant in the air quality modeling scenarios. The emissions were based on US EPA estimates of 2030 levels which assume the implementation of air quality policies affecting ozone precursor emissions such as the Mercury and Air Toxics Standards and the Tier-2 rule affecting mobile sources (US EPA 2011; US EPA 2012). Biogenic and sea salt emissions were allowed to vary according to climate-driven meteorological changes, but emissions from mobile sources, electrical generating units, and wildfires did not change as a function of climate.
Estimating Health Impacts
We assess health impacts associated with surface-level ozone in the 5,969 36-km grid cells in the continental U.S. In each grid cell, we apply a health impact function relating changes in ambient concentrations with ozone-related adverse outcomes. A log-linear health impact function, which we use to quantify most of the impacts in this analysis, is illustrated by
Where ∆ is the change in the incidence of a particular health endpoint attributable to the change in ozone concentration (∆X), Pop and Y0 are the population and baseline incidence rates for the year 2030, and β is the concentration-response factor drawn from the epidemiology literature. We calculate impacts using the environmental EPA 2012) . Consistent with the guidance provided by the National Academies of Sciences, and as a means of characterizing uncertainty in the ozonemortality relationship, we report premature deaths attributable to short-term (i.e., day-today) changes in ozone using effect estimates from a suite of multi-city studies and metaanalyses (National Research Council, 2008) .
For both the GISS/RCP 6.0 and CESM/RCP 8.5 scenarios we estimate air pollution-related health impacts at 2030 using Integrated Climate and Land Use Scenarios (ICLUS) population projections (Bierwagen et al. 2010) . ICLUS projects the county-level population distribution using assumptions consistent with the IPCC Special Report on Emission Scenarios (SRES) (IPCC 2000) . For this analysis we selected ICLUS projections for SRES A1
and B2, which are roughly consistent with RCP 8.5 and RCP 6.0, respectively. In a sensitivity analysis, we also examine the impact of using ICLUS A1 and B2 population projections to 2050, as well as another population projection developed for 2030 (Woods and Poole 2012) (Supplemental Figure 1) .
We estimate ozone-related effects on premature death, emergency department visits for asthma, hospital visits for respiratory causes, acute respiratory symptoms, and lost school days. We calculate ozone-related premature deaths using cause-specific mortality rates 
Estimating the Economic Value of Health Impacts
To estimate the economic value of the health impacts of a changing climate on air quality, we assign a dollar value to the incidence of premature deaths and illnesses occurring in 2030. We derive both cost of illness (COI) and willingness to pay (WTP) measures from the published economic literature, which we then multiply by the counts of adverse health outcomes to express the economic value of these impacts. COI metrics generally account for the value of medical expenditures to treat the adverse outcome and sometimes also the value of the productivity lost due to the illness (e.g., time spent in the hospital). By contrast, WTP measures are generally understood to account for the value that individuals place on both these direct costs as well as the value they place on avoiding pain and suffering (Harrington and Portney 1987; Berger and Blomquist 1987) . For this reason, economic benefit analyses of air pollution impacts tend to prefer WTP values when they are available.
As above, we use economic value estimates that are consistent with recent EPA Regulatory Impact Analyses. We estimate the Value of Statistical Life (VSL) to characterize the economic value of ozone-related premature deaths. VSL is a summary measure that expresses the economic value of small changes in the risk of premature death to a large number of people, and is not intended to describe the economic value of any particular life.
In this analysis we use an EPA Science Advisory Board-recommended VSL that is derived from a meta-analysis of 26 individual studies (US EPA Health Effects Subcommittee 2010).
Because the willingness to pay to reduce mortality and morbidity risk will grow with personal income, and in this analysis we quantify values in a future year, we adjusted each WTP measure; for VSL this value is $9.9 million in 2030 (2010 dollars). We value health outcomes including respiratory hospital admissions, emergency department visits and lost school days using COI measures and value acute respiratory symptoms using a WTP measure. The source of this literature and the unit values are summarized in Supplemental Table 3 .
Results
We first report the ozone-related impacts and dollar values for each of the two climate scenarios that have been calculated using projected ozone levels averaged across the scenario years. Next we characterize the spatial distribution of these impacts by NCA region and the inter-annual variability.
Air Quality Changes
Both the CESM/RCP 8.5 and GISS/RCP 6.0 scenarios are associated with large changes in daily maximum temperatures over the months when ozone levels tend to be highest over the U.S. In both scenarios, average daily maximum temperatures are projected to increase by 1-4 °C over a broad swath of the continental U.S. (Figure 2 ). The locations of the largest projected temperature increases vary by scenario and the average U.S. warming is greater in the CESM/RCP 8.5 scenario, as could be expected. Concurrently, other pollution-relevant weather variables (not shown) are also projected to change. The net effect on near-surface ozone is shown in Figure 1 . Seasonal (May-September) mean increases in MDA8 ozone levels of 1-5 ppb are common in the CESM/RCP 8.5 scenario, resulting in more exceedances of the 75 ppb ozone NAAQS than in the historical climate case. The GISS/RCP 6.0 scenario also shows large increases in ozone over some parts of the country (e.g., central U.S., California) but projects decreases in ozone over other locations (e.g., Pacific Northwest, Gulf Coast).
Average Health Impact Estimates and Economic Values in 2030
As a means of describing a central tendency estimate of ozone-related health impacts in the year 2030, we report first the number of premature deaths and illnesses calculated from the average projected ozone values for the 3 individual year GISS/RCP 6.0 and 11 sequential year CESM/RCP 8.5 climate scenarios. We estimate a greater overall number of premature deaths and illnesses for the CESM/RCP 8.5 scenario than the GISS/RCP 6.0 scenario. As shown in Table 1 , using GISS/RCP 6.0, we project tens to hundreds of premature deaths, hundreds of respiratory emergency department and hospital visits, tens of thousands of days of missed school and hundreds of thousands of cases of acute respiratory symptoms. The impact is one order of magnitude greater in each category using CESM/RCP 8.5, as we project hundreds to thousands of premature deaths, thousands of respiratory emergency department and hospital visits, hundreds of thousands of days of missed school and over a million cases of acute respiratory symptoms.
The estimated economic value of these premature deaths and illnesses is substantial (Table   2 ). We estimate the value of the hospital admissions, emergency department visits, missed days of school and acute respiratory symptoms for the GISS/RCP 6.0 scenario in the tens of millions of U.S. dollars and hundreds of millions of dollars for the CESM/RCP 8.5 scenario (dollars 2010). We estimate the value of the additional premature deaths to be in the hundreds of millions of dollars for the GISS/RCP 6.0 scenario in the tens of billions of dollars for the CESM/RCP 8.5 scenario. To characterize the total dollar value of the additional premature deaths and illnesses we report the sum of these impacts, finding that the economic value of these adverse outcomes ranges from $320 million to $1.4 billion for the GISS/RCP 6.0 scenario and from $3.6 to $15 billion for the CESM/RCP 8.5 scenario.
Health Impacts by Geographic Region
In the figures below we describe how the ozone-related premature deaths are distributed throughout the U.S. for each climate scenario. Figure 2 plots the distribution of temperature and ozone (at 36-km grid cells) and climate change-attributable premature deaths (at each county), illustrating the relationship between these three variables. The GISS/RCP 6.0 scenario projects the greatest increases in temperature in the southwestern U.S., where CMAQ consequently projects increases in ozone levels. Likewise, we estimate the greatest number of ozone-related deaths to occur in metropolitan areas affected by this temperature change, including Los Angeles, California and Dallas, Texas. Separately, the CESM/RCP 8.5 scenario projects higher temperatures and ozone levels in the Midwest U.S.
Under this scenario, we project cities including Chicago and New York to see an increase in the number of ozone-related premature deaths.
Inter-annual variability
The aggregated results reported above do not reflect the substantial year-to-year variability in simulated temperature and ozone changes. Here we examine the influence of meteorological inter-annual variability on ozone levels and resulting estimated health impacts. We compare several individual future year simulations against the 3-year GISS/RCP 6.0 and 11-year CESM/RCP 8.5 scenario averages of the present-day years to better understand how future inter-annual variability can affect results. We select 3 future years for each of the two climate models that represent the least conducive, moderately conducive, and most conducive years for forming ozone levels above the current NAAQS for ozone (75 ppb) and predict ozone-related premature deaths in each of those three years using an array of short-term ozone mortality risk coefficients (Table 3) . Those years with meteorology projected to be least, and moderately, conducive to forming ozone in the GISS/RCP 6.0 scenario yield a net reduction in ozone-related deaths and illnesses as compared to a baseline that does not reflect climate change. In the year most conducive to forming ozone in the GISS/RCP 6.0 scenario, we predict a net increase in the number of ozone-related premature deaths. By contrast, the year that is predicted to be least conducive to forming ozone in the CESM/RCP 8.5 scenario yields a net reduction in ozonerelated deaths and illnesses-while the moderately and most conducive years yield substantial increases in ozone health impacts.
All 11 projected years of ozone changes under the CESM/RCP 8.5 scenario were used to examine the annual variability in ozone-related premature deaths within the 6 NCA climate regions ( Figure 3 ). The Northwest, the Great Plains, and the Southwest regions are projected to incur few ozone related health impacts, while the Northeast and Midwest regions are projected to have increases in ozone-related deaths (i.e., reductions in mortality avoided) for most of the years.
Discussion
For the two climate scenarios in which we modeled ozone-related air quality changes in 2030, we estimate hundreds to thousands of premature deaths, hundreds to thousands of respiratory emergency department and hospital visits, tens of thousands to hundreds of thousands of days of missed school and hundreds of thousands to millions of cases of acute respiratory symptoms. We find that the economic value of these impacts is in the hundreds of millions to billions of dollars. These estimates vary greatly according to the combined climate model and RCP simulated, as we estimate much greater impacts using the CESM/RCP 8.5 scenario than we do with the GISS/RCP 6.0 scenario. Likewise, we find that the scope and magnitude of these impacts vary significantly across the scenarios and between individual years. The CESM/RCP 8.5 scenario generally predicts greater ozone formation in the Midwest, while we estimate higher ozone levels in the Southwest under the GISS/RCP 6.0 scenario. Consistent with previous health impact analyses that account for ozone-related effects, the impacts we report are also greatly influenced by the concentration-response relationship used to quantify the incidence of premature deaths.
This work is similar in some respects to studies published elsewhere in the literature. For example, Post et al. (2012) used an earlier version of the BenMAP tool to quantify climate change-attributable national-level ozone-related premature death and illnesses and applied similar baseline incidence rates and concentration-response functions. However, that study used year 2050 ozone predictions from seven climate scenarios based on earlier generations of GCMs and did not characterize the economic value of those impacts. That paper reported climate-change attributable ozone-related premature deaths that varied significantly across scenarios and approaches to projecting future population, and ranged from thousands of additional deaths to hundreds of avoided deaths. Tagaris et al. (2009) quantified the sensitivity of ozone and fine particle levels in 2050 to marginal changes in precursor emissions including NOx, NH3 and SO2 and further quantified the number of premature deaths attributable to changes in these two pollutants.
Because that paper reported changes in premature deaths as a function of marginal changes in ozone levels, it is difficult to compare those estimates to the results reported here. Bell et al. (2007) , as described above, characterized ozone-related impacts in the year 2050 within 50 eastern cities, holding anthropogenic emissions constant. None of the studies above assign a dollar value to the avoided/incurred deaths and illnesses.
There are several unique facets to this study. First, we use GCM versions conducted for CMIP5 that include more than 10 years of further model developments beyond those used previously, as well as taking advantage of recent advances in regional climate modeling techniques. Second, we quantify effects in the year 2030 using an EPA emissions inventory that accounts for emission control measures expected to affect the level and distribution of ozone precursor emissions. Third, we characterize the variability in ozone-related impacts over both space (by U.S. county) and time (for each of the projected scenario years). Finally, we assign a dollar value to these projected ozone-related health impacts, giving insight to the potential economic value of this particular aspect of future climate change.
Limitations
As with any analysis of this scope and complexity, there are several notable limitations and uncertainties. First, we considered only two Representative Concentration Pathways (RCP 6.0 & RCP 8.5) that were modeled using two GCMs (GISS & CESM). Modeling each RCP using a different climate scenario means that differences in the predicted ozone levels and health impacts are attributable to both the RCP and the GCM.
Second, several emissions categories that are important to forming ozone, and could potentially be affected by climate (e.g., mobile sources, EGUs, and wildfires), are unchanged between the contemporary-climate and projected-climate air quality modeling. Other studies have shown linkages between a warmer climate and increased evaporative emissions from mobile sources (Rubin et al. 2006) , increased electricity usage (Mideksa and Kallbekken 2010) , and increased wildfire activity over parts of the U.S. (Yue et al. 2013 ) all of which could lead to even greater health impacts from climate than shown here.
Third, using 36-km grid spacing (as was done here) does not consider potentially important interactions between meteorology, ozone, and health at the local scale, particularly within urban areas. However, adding higher spatial resolution to more finely resolve urban areas would add at least an order of magnitude more computational expense to this analysis. Fourth, we assume concentration-response relationships are constant over time, although changing populations, concentrations, baseline health status and air pollution mixtures would almost certainly alter the relationship. Likewise, we assume baseline morbidity rates are constant over time, though they are likely to change as a result of changing economic and demographic conditions. Similarly, we did not account for the potential for climate-induced changes in temperature to increase (or decrease) ozonerelated risks (Ren, Williams, and Tong 2006; Ren, Williams, and Mengersen 2009; Jhun et al. 2014) . Fifth, because quantifying climate-induced PM2.5 changes is even more strongly related to emissions changes that we did not model (e.g., wildfires), we did not include fine particle levels for this analysis. Many of these assumptions and limitations are consistent with other assessments of future climate-induced air quality changes in the literature (Post et al. 2012) .
It is also important to note that this analysis does not account for policies that might mitigate the impacts estimated here, apart from those policies that are already expected to be in place by 2030. For example, while this modeling projects that climate change will create meteorological conditions more conducive to forming ozone, and hence increase the level of ground-level ozone in many parts of the country, we did not attempt to model air quality management adaptation scenarios that could reduce the level of ozone precursor emissions that would occur in response to these climate-driven impacts. To the extent that climate change increases ambient ozone concentrations (and/or other criteria pollutants)
above the health-based air quality standards, the Clean Air Act directs states and municipalities to attain the standard by developing policies to reduce these ambient levels (Bachmann 2007) .
Conclusions
The results of this analysis suggest that for a given level of emissions of ozone precursors, climate change is likely to increase ambient ozone levels over much of the country by 2030, causing a non-trivial number of premature deaths, respiratory emergency department and hospital visits, missed school and acute respiratory symptoms. The economic value of these impacts is substantial. Above we noted that characterizing the influence of a changing climate on air quality and health is computationally intensive, so it is often tailored to specific research questions. In this assessment we describe the number, distribution and economic value of climate-related ozone health impacts attributable to climate change, as simulated using two global climate models and RCPs. In-depth analysis of the drivers of ozone changes (both meteorological drivers and meteorologically influenced emissions drivers) is underway and will appear in a forthcoming manuscript focused on the regional climate and air quality simulations. Future analyses should consider applying a single GCM to simulate air quality impacts from multiple RCPs-or use multiple GCMs forced with a single RCP. As air quality science continues to evolve, assessments may also be better able to quantify climate-induced changes in fine particle levels. Future analyses might also attempt to characterize the change in mobile source emissions as a function of changes in temperature. Finally, analyses of the effect of climate change on health could draw upon the small, but growing, body of epidemiological literature finding that temperature modifies air pollution risk. 
